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Background: There is increasing evidence that poor growth of preterm infants is a risk factor for poor long-term
development, while the effects of early postnatal growth restriction are not well known. We utilized a rat model to
examine the consequences of different patterns of postnatal growth and hypothesized that early growth failure
leads to impaired development and insulin resistance. Rat pups were separated at birth into normal (N, n = 10) or
restricted intake (R, n = 16) litters. At d11, R pups were re-randomized into litters of 6 (R-6), 10 (R-10) or 16 (R-16)
pups/dam. N pups remained in litters of 10 pups/dam (N-10). Memory and learning were examined through
T-maze test. Insulin sensitivity was measured by i.p. insulin tolerance test and glucose tolerance test.
Results: By d10, N pups weighed 20 % more than R pups (p < 0.001). By d15, the R-6 group caught up to
the N-10 group in weight, the R-10 group showed partial catch-up growth and the R-16 group showed no
catch-up growth. All R groups showed poorer scores in developmental testing when compared with the N-10
group during T-Maze test (p < 0.05). Although R-16 were more insulin sensitive than R-6 and R-10, all R groups
were more glucose tolerant than N-10.
Conclusion: In rats, differences in postnatal growth restriction leads to changes in development and in
insulin sensitivity. These results may contribute to better elucidating the causes of poor developmental
outcomes in human preterm infants.
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In term infants, in utero growth restriction or small-for-
gestational-age status at birth (SGA) are associated with
the development of increased adiposity and impaired insu-
lin sensitivity in later life [1], that may be exacerbated by
more rapid catch-up growth in the first 1–2 years of life
[1, 2]. In comparison, preterm infants grow much more
poorly after birth, a term coined ex utero growth restric-
tion, and by term corrected age most are below the 5th
weight-for-age centile [3]. This ex utero, postnatal, growth
failure is common in preterm infants, [3, 4] and is* Correspondence: ijgriffin@ucdavis.edu
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creativecommons.org/publicdomain/zero/1.0/associated with poorer neurocognitive outcomes in later
life [5, 6]. Further, it has been shown that neonatal leptin
deficiency may contribute to adverse neurodevelopmental
outcomes associated with postnatal growth restriction [7].
Subsequently, preterm infants have variable amounts of
catch-up growth, especially during the first 1–3 years of
life [8, 9]. This pattern of small body size at term corrected
age, followed by increased rates of growth is similar to that
seen in SGA term infants, and there has been concern that
this may lead to increased risk of obesity and metabolic
disorders arising from impaired glucose tolerance, such as
type II diabetes, in preterm infants, similar to the in-
creased risk in term SGA infants [10–12].
We have previously described a rodent model of ex utero
growth restriction and the effects of variable amounts ofarticle distributed under the terms of the Creative Commons Attribution License
which permits unrestricted use, distribution, and reproduction in any medium,
. The Creative Commons Public Domain Dedication waiver (http://
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outcomes [13]. Changes in litter size lead to ex utero
growth restriction (EUGR), and in turn, changes in body
composition and poorer neurodevelopment. However, no
differences in fasting insulin or glucose in early life were
seen [13]. In the present study, we used the same model
to assess the effects of ex utero growth restriction and sub-
sequent catch-up growth on longer-term metabolic out-
comes including glucose tolerance and insulin sensitivity.
The objectives of our study were to examine the effects
of early postnatal growth restriction, followed by varying
degrees of postnatal catch-up growth on growth (both
body size and body composition), insulin sensitivity, glu-
cose tolerance, neurodevelopment, and brain myelination.
We hypothesized that early postnatal growth restriction
would result in poorer neurodevelopment and lead to
improved glucose tolerance and insulin sensitivity. We
further hypothesized that in EUGR rats, early catch-up
growth would lead to improved neurodevelopment but re-
duced insulin sensitivity and glucose tolerance compared
to EUGR rats that did not have early catch-up growth.Results
Growth
Growth differed significantly between the normal (N)
and restricted (R) intake groups by d5 (14.2 ± 0.19 g vs.
11.4 ± 0.10 g, p < 0.001) onwards. By d10 the R groups
were approximately 20 % smaller than the N groups
(p < 0.001, Fig. 1).
On d10, R animals were re-randomized to litters of 6
(R-6), 10 (R-10) or 16 (R-16), while N pups remained in
litters of 10 (N-10). The R-16 group remained signifi-
cantly smaller than the N-10 group throughout the
study. The weight of the R-6 pups “caught-up” with the
N-10 pups by d15 and were statistically indistinguishable
from them for the rest of the study.
The R-10 group grew intermediate to the N-10 and R-16
animals until d21 (Fig. 2), and was similar to the N-10 and
R-6 groups thereafter.Postnatal Day 1    2    3    4    5    6    7    8    9    10
N-10 Litter size = 10 pups/dam
R-16 Litter size = 16 pups/dam
R-10 Litter size = 16 pups/dam













   
 
Fig. 1 Design of the animal study. On d2, rat pups were randomized to litt
(Restricted growth (R), eight males and eight females). On d11, R pups were re
10 pups/dam) or reduced growth (R-16, 16 pups/dam) groups. N pups remainBy d40, the R-16 group remained significantly smaller
than the three other groups, which were all statistically
similar. On d60, the R-16 rats remained significantly
smaller than the other three groups. This was seen for
both males and females (Fig. 3).Body composition
Body composition was assessed in a subset of animals
(N-10 = 10, R-10 = 10, R-6 = 6, R-16 = 16) at d60. There
were no significant differences in percentage water, pro-
tein, fat, or ash between the four groups (Fig. 4).Serum hormones
On d10, serum leptin was significantly higher in the N
group (3.93 ± 0.33 ng/ml) than the R group (1.09 ± 0.31; p <
0.0001). Serum triglycerides on d10 were similar in the N
(1370 ± 330 mg/L) and R (860 ± 360 mg/L; p= 0.77) groups.
Serum leptin on d60 differed significantly between
groups, with the R-16 group having the lowest levels
(Table 1). Serum triglycerides on d60 were similar among
groups, but hepatic triglycerides on d60 differed with the
lowest level in the R-10 and R-16 groups and the highest
in the R-6 group. Serum insulin values did not differ be-
tween groups.Insulin sensitivity
Fasting blood glucose on d50 was similar in all four
groups (p = 0.07). When expressed as the area under the
curve (AUC), the two catch-up groups, R-6 (7635 ± 189,
n = 23) and R-10 (7531 ± 147, n = 38), had significantly
higher AUC than the R-16 group (6870 ± 119, n = 58),
while the N-10 group was intermediate between the
others (7229 ± 132, n = 47) (Fig. 5). Similar patterns were
seen for the AUC between 0 and 30 min and between 30
and 120 min. When individual time-points were consid-
ered, the R-6 and R-10 groups had higher blood glucose
concentrations than the other groups (N-10 and R-16) at
30, 45 and 60 min.11    12    13    14    15    16    17    18    19    20    21
          Litter size = 16 pups/dam
          Litter size = 10 pups/dam








   
 
ers of 10/dam (Normal growth (N), five males and five females) or 16/dam
-randomized into litters creating catch-up (R-6, 6 pups/dam), normal (R-10,
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Fig. 2 Postnatal weight (g) from d1-10. By d5, R pups were ~ 20 % smaller than N pups. Values are means ± SEM. *Different from N litters, p < 0.05
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concentration from baseline, the area under baseline
(AUB) between 0 and 30 min was significantly greater
for the N-10 group (593 ± 43, n = 47) than for the R-6
group (387 ± 61, n = 58), while the R-10 (428 ± 48, n =
38) and R-16 groups (489 ± 37, n = 58) were intermediate
between the two. There were no differences in AUB





















Fig. 3 Postnatal weight (g) from d11-21. All R groups diverged by d12. By
catch-up growth, and the R-10 group caught-up half-way between the N-1
smaller than the plot symbolGlucose tolerance
Fasting blood glucose on d55 was significantly af-
fected by sex (M > F; p = 0.0061) and by group (p =
0.0022). Fasting glucose was lower in the N-10 (99.0
± 1.4 mg/L) and the R-16 (99.1 ± 1.3 mg/L) groups
than in the R-10 group (105.3 ± 1.5 mg/L), with the
R-6 group being intermediate between them (102.8 ±
2.0 mg/L).tnatal day
17 19 21
d15, the N-10 and R-6 groups were similar, the R-16 group showed no
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Fig. 4 Postnatal weight (g) at d60. The R-16 rats were significantly smaller than the other three groups, and this was seen in males and females.
*P < 0.05. Error bars represent ± 1 SEM
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(p = 0.0079) and was greater in males than females (p =
0.06). The AUC for the N-10 group (10778 ± 413, n =
47) was significantly greater than both the R-16 (9210 ±
368, n = 59) and the R-10 (8819 ± 453, n = 39) groups,
with the R-6 group being intermediate (9620 ± 577, n =
24) (Fig. 6). There were no significant group effects be-
tween 0 and 30 min, but were seen subsequently during
the remainder of the GTT for the time period 30 to
180 min. A similar pattern was seen in AUB among the
groups.
T-Maze test
Memory and learning was assessed using spontaneous
alternation in a T-maze. The N-10 group scored signifi-
cantly better (6.86 ± 0.13 successes (n = 69); p < 0.05) than
any of the other groups (R-6 5.6 ± 0.18 (n = 36), R-10
5.6 ± 0.26 (n = 50), R-16, 5.14 ± 0.15 successes (n = 96)).
The effects of group were similar in both sexes (Fig. 7).Table 1 Fasting glucose, insulin, leptin, and triglycerides in the four
Group N-10 R-10
Fasting glucose (mg/L) 1084.7 ± 34.4 1057.3 ± 19.3
Serum insulin (ng/mL) 2.24 ± 0.43 2.41 ± 0.26
Leptin (ng/mL) 3.74 ± 0.37 4.13 ± 1.12
Serum TG (mg/L) 1603 ± 307 1220 ± 238
Hepatic TG (mg/L) 1550 ± 263 1100 ± 139a
n 20 20
Data are expressed as mean ± SEM. P-values represent the overall ANOVA p-values.Brain histology
The area of MBP-positive fibers in the R-16 group ap-
peared smaller than that in the N-10 group on d60, but
no significant differences could be detected. These results
suggest that myelination within the hypothalamus and
corpus callosum may have been completed by d60 (Fig. 8).
Discussion
Since poor growth in preterm infants occurs postnatally,
we aimed to produce a postnatal model of growth
restriction in neonatal rats. Many animal models have
been used to examine effects of in utero growth restric-
tion with or without catch-up growth on metabolic out-
comes, and though these models have provided great
insight into infants born small for gestational age or who
experience intrauterine growth restriction [14, 15], they
do not represent the type of growth that is experienced
by most preterm infants. Further, the effects of growth
restriction and subsequent catch-up growth on cognition
and metabolism have not been examined concurrently.groups on d60
R-6 R-16 P value
1080 ± 31.8 1075.2 ± 22.0 NS
2.36 ± 0.61 2.46 ± 0.71 NS
4.27 ± 0.77 2.79 ± 0.58a P = 0.0037
1794 ± 487 1450 ± 373 NS
2130 ± 270 1138 ± 194* P = 0.0203
12 32
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Fig. 5 Percentage of water, protein, fat, and ash for each study group at d60. Error bars represent mean ± SEM
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restriction in rat pups based on manipulations in litter
size, that we have shown leads to reproducible levels of
ex utero growth restriction and catch-up growth [13].
This model leads to changes in both milk intake and in
growth. However, it is possible that other factors may
also be changed by modifications in litter size, for ex-
ample dam-pup interactions and pup-pup interactions,
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Fig. 6 Blood glucose during an intraperitoneal insulin tolerance test (ITT) a
represent ± 1 SEM, if not visible they are smaller than the plot symbolThe initial intervention in our study was carried out
from birth until d10 of age, as this period in rats is be-
lieved to be equivalent to the third trimester of pregnancy
in humans [18], or the period when reduced intake and
poor growth are common in premature infants. The in-
creased milk volume intake that occurs as litter size is de-
creased in the second intervention represents the
increased volume intake that preterm infants who experi-
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Fig. 7 Blood glucose during an intraperitoneal glucose tolerance test (GTT) at d55. Fasting blood glucose was significantly affected by sex (M > F;
p = 0.0061) and by group (p = 0.0022). Error bars represent ± 1 SEM, if not visible they are smaller than the plot symbol
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milk with unaltered protein composition, and thus litter
size manipulation results in modified volume intake with-
out altered milk composition [19].
The current study confirms our previous findings that
R-6 pups catch-up with N-10 pups by d21, R-10 pups
show partial catch-up by d21, and R-16 pups remain
smaller than the other three groups [13]. The current
study confirms this, but also demonstrates that the R-10
group does ultimately show complete catch-up in body
weight by d60. The R-16 group, however, remained sig-
nificantly smaller than the N-10 group until at least d60.
We have previously shown that catch-up growth in R-6
pups comes at the cost of changes in body composition
with R-6 pups having significantly greater percentage body
fat, and significantly lower percent lean mass on d21 [13].
The current study demonstrates that by d60, body com-
position in the R-6 pups has normalized, and is similar
to the N-10 pups. Furthermore, although the R-10 pups
catch-up to the N-10 pups by d60, the two groups have
similar body composition on d60, just as they have at d21.
The early changes in body composition related to catch-
up group are therefore not maintained over time.
We have previously shown that the R-16 group has
lower percentage body fat in d21. By d60, however, the
differences in body composition are lost, and all groups
have similar percent body fat despite the fact that the R-16
rats remain smaller. Once again, early differences in body
composition are not sustained over time. These findings
are consistent with the human data, which suggests that
although preterm infants with catch-up growth haveincreased adiposity at term corrected age, those changes
are not maintained during the rest of the first year of life
[20].
In our previous study there were no differences between
groups in fasting insulin or glucose of d21. In the current
study we carried out more detailed investigations of glu-
cose homeostasis in older animals. Fasting blood glucose
prior to the glucose tolerance test (after a 12 h fast) was
significantly greater in the two catch-up groups (R-6 and
R-10) than in the groups without catch-up growth (N-10
and R-16). The difference in fasting blood glucose prior to
the insulin tolerance test (after a 4 h fast) failed to reach
statistical significance. Insulin sensitivity was higher in the
groups without catch-up growth (N-10 and R-16) than in
the groups that changed their dietary intakes on d10 (R-6
and R-10) and experienced catch-up growth, as shown by
their higher AUC values. This occurred even though all
groups had similar body composition at the end of the
study. It is possible that early changes in body compos-
ition may be responsible for the poorer insulin sensi-
tivity seen in the R-6 and R-10 groups in later life, or that
changes in early dietary intake or growth lead to long-
term changes in insulin sensitivity, possibly via epigenetic
mechanisms. Growth restriction may result in improved
insulin sensitivity in adulthood since it has been suggested
that early undernourishment may enhance insulin sensi-
tivity, as well as fatty acid oxidation [21]. It has been
shown that children born prematurely have decreased in-
sulin sensitivity immediately after birth, and those who ex-
perience greater weight gain remain having lower insulin


















N-10 R-10 R-6 R-16
Fig. 8 T-maze test success. The N-10 animals scored significantly better (6.86 ± 0.13 successes, p < 0.05) than any of the other groups (R-6 5.6 ± 0.18,
R-10 5.6 ± 0.26, R-16, 5.14 ± 0.15 successes). Different letters denote significance
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worse in the N-10 group than the R-16 group, as shown
by AUC. The two catch-up groups were intermediate be-
tween the N-10 and R-16 groups. The differences in fast-
ing blood glucose among the groups is consistent with
the findings that mice who are small at birth and have
postnatal catch-up growth are at high risk of glucose in-
tolerance [23]; however, there was no significant group
effect in AUC for the first 30 min of the GTT, and dif-
ferences in glucose tolerance were only apparent after
30 min.
Growth before weaning, specifically before d11, could
be a critical window for later programming. The devel-
opmental origins of disease hypothesis suggests that pre-
natal development is critical to metabolic adaptation
later in life [24]. However, the postnatal environment
may be “mismatched” to the early in utero environment,
creating a disadvantageous phenotype [25]. Cognitive out-
comes were worse in the three groups with early growth
restriction (R-6, R-10, R-16), and highest in the group withgreater early growth (N-10). We thus show that growth
restriction, despite catch-up growth, may predispose poor
cognition. Though there were no differences in MBP ex-
pression at d60, this may be due to the fact that the max-
imum rate of myelin accumulation in the rat occurs
around d20 [26, 27]. Myelin accumulation does continue
into adulthood in the rat, though it occurs at a decreasing
rate [28]. Several animal studies have shown that dietary
restriction during the suckling period results in decreased
myelination in early life [29–31]. In our study, early post-
natal growth restriction and possible undernutrition due
to large litter size may be a cause for the developmental
impairments seen in the R groups.
We also examined the effects of growth restriction and
catch-up growth on serum hormones, specifically insulin
and leptin. Neonatal overfeeding of pups by litter size
manipulation has been shown to result in a significant
elevation of serum insulin concentration and alterations
in hepatic enzymes involved in carbohydrate and lipid me-
tabolism [32]. However, we did not find a significant
Alexeev et al. BMC Physiology  (2015) 15:3 Page 8 of 11difference in serum insulin concentrations. Interestingly,
serum leptin at d22 and d60 differed significantly between
groups, with the R-16 group having the lowest levels. This
is consistent with our previous data on d21 [13]. The asso-
ciation of low leptin concentrations in the R litters and
poor T-maze score suggests that reduced leptin levels may
be a mechanism behind the differences seen in cognition.
Leptin has recently been proposed to play a role in brain
development during the prenatal and neonatal periods
[33]. Administration of leptin to ob/ob mice, which are
leptin deficient, has been shown to increase brain weight,
total brain DNA, and increase MBP-mRNA expression in
rodents [34, 35], further suggesting a role for leptin in
brain development.
Finally, we demonstrated that hepatic triglyceride con-
tent was highest in the group with early catch-up growth
(R-6). Hepatic lipid accumulation may be one of the
earliest findings in the metabolic syndrome in humans.
This, combined with the differences in fasting glucose
and in insulin sensitivity, suggests that catch-up growth
in this model may be associated with increased risk of
metabolic syndrome.
Conclusion
In summary, we have demonstrated that early growth re-
striction leads to profound and long-lasting adverse effects
on neurodevelopment. Catch-up growth occurs after early
postnatal growth restriction, and complete catch-up in
weight can occur if it begins before d21 in the rat (equiva-
lent to the first 2–3 years in humans). Postnatal growth
restriction without catch-up growth (R-16) leads to short-
term reductions in body adiposity, while postnatal growth
restriction with catch-up growth (R-6) leads to short-term
increases in body adiposity. Neither of these changes in
body composition is maintained long-term. Postnatal growth
restriction without catch-up growth leads to improved
glucose tolerance. However, insulin sensitivity is reduced
if catch-up growth occurs after postnatal growth restric-
tion. These finding reinforce the concerns that ex utero
growth restriction in preterm infants reduces long-term
neurocognitive outcomes, and that subsequent catch-up




Timed pregnant CD dams were obtained from Charles
River (Wilmington, MA) at 14 d of gestation. Rats were
housed in solid plastic hanging cages under constant
conditions (temperature, 22 °C; humidity, 62 %) with a
12-h dark–light cycle and were allowed to consume food
and water ad libitum. On d2, rat pups were randomized
to litters of 10 pups per dam (Normal growth, N) or 16
pups per dam (Restricted growth, R). On d11, R pups werere-randomized into litters creating catch-up (R-6, 6 pups/
dam), normal (R-10, 10 pups/dam) or reduced growth
(R-16, 16 pups/dam) groups. N pups remained in litters of
10 pups/dam (N-10). Equal numbers of males and females
were included in all litters (Fig. 9). Pups were weaned at
d21 to a standard, non-purified rodent diet (LabDiet 5001,
Purina, Hayward, CA) fed ad libitum. Weights were mon-
itored until d60. The University of California Institutional
Animal Care and Use Committee approved all animal
procedures.
The period from d2-10 in rats is typically taken to rep-
resent the period between the early third trimester and
term in humans, and therefore represents early ex utero
life in preterm infants. The period from d11-21 in the
rat is broadly representative of the first 2 years of life in
humans, and therefore reflects the period where catch-
up growth is common in human preterm infants [18].
Body composition
A subset of animals had body composition assessed at
d60 by carcass analysis. Frozen carcasses were cut and
freeze-dried for 24 h to determine water content, calcu-
lated from change in weight before and after freeze-drying.
Fat content was measured from the change in weight after
diethyl ether (Fisher Scientific, Pittsburgh, PA) extrac-
tion for 7 d using a Soxhlet apparatus, followed by acetone
(Fisher Scientific, Pittsburg, PA) extraction for an add-
itional 7 d. Total ash content was determined following
muffle furnace incineration for 72 h at 540 °C and desicca-
tion for 24 h. Protein was calculated as the difference be-
tween post-fat extraction weight and ash content. Water,
protein, fat and ash content of each animal were expressed
as a percentage of total body weight.
Biochemical analysis
Blood samples were collected at time of sacrifice on d22
and d60. Specimens were centrifuged at 1000 × g for
15 min at 4 °C, and serum samples stored at −80 °C
until analysis. Serum insulin and serum leptin were mea-
sured using ELISA kits (Millipore, Billerica, MA). Serum
and hepatic triglycerides were measured with Triglyceride
Reagent (Fisher Scientific, Pittsburg, PA) and read at
540 nm at 37 °C.
Insulin and glucose tolerance tests
An intraperitoneal insulin tolerance test (ITT) was per-
formed on d50 after 4 h of food deprivation. Insulin (0.5
U/kg body weight [36]) was injected intraperitoneally
and blood glucose levels were measured in tail vein blood
using a glucometer (Easy Plus, Home Aid Diagnostics,
Deerfield Beach, FL) at 0, 15, 30, 45, 60, 90, and 120 min
after insulin injection. The area under the blood glucose
curve (AUC) was calculated using a rhomboid rule. The
primary comparison between groups was the total AUC
Fig. 9 Myelin basic protein (MBP) staining at d60 of (a) N-10, (b) R-10, (c) R-6, and (d) R-16 groups. No significant differences in MBP-positive fibers
could be detected. Scale bar = 1000 μm
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were for the AUC between 0 min and 30 min, and be-
tween 30 min and 120 min. Larger values for AUC denote
poorer insulin sensitivity. In addition, the change in blood
glucose from baseline (0 min) was examined. The area
under baseline (AUB) was calculated for the entire period,
and for the first 30 min and last 90 min separately.
After a 3-days recovery period, an intraperitoneal glu-
cose tolerance test (GTT) was performed after 12 h of
food deprivation. Rats were injected intraperitoneally with
2 g/kg of glucose solution (Sigma, St. Louis, MO) and
blood glucose was measured at 0, 15, 30, 45, 60, 90, 120,
150, and 180 min after glucose injection [37]. As before,the blood glucose concentrations were used to calculate
the area under the blood glucose versus time curve (AUC)
for the entire study (0 min to 180 min), as well as for the
first 30 min and the last 150 min. Changes in blood glu-
cose from the 0 min baseline were also calculated and the
area over the baseline (0 min) value calculated using a
rhomboid rule for the time periods 0–180 min, 0–30 min,
and 30–180 min.
T-Maze
Memory and learning were examined by spontaneous al-
ternation in a T-maze on d35. In the T-maze test, rats
were tested on their capability to alternate between two
Alexeev et al. BMC Physiology  (2015) 15:3 Page 10 of 11directions of an enclosed apparatus in the form of a T
placed horizontally, as previously described [38]. Upon
successful alternation of direction, animals were given a
score of 1. This was repeated ten times, with the max-
imum score being 9.
Brain Histology and Immunohistochemistry
For brain histology studies, rats (d60) were deeply anaes-
thetized with pentobarbital (100 mg/kg) and fixed by
transcardial perfusion with 4 % paraformaldehyde. Total
brains were removed and placed in 4 % paraformaldehyde
solution overnight at 4 °C. Samples were next placed in ser-
ial dilutions until fixed in 100 % ethanol and embedded in
paraffin. Coronal sections were cut into 8–10 μm sections
and immunohistochemically stained with goat polyclonal
anti-MBP antibody (sc-13914, Santa Cruz Biotechnology,
Santa Cruz, CA) at 1:100 dilution in blocking buffer and
donkey anti-goat secondary antibody (sc-2020, Santa Cruz,
Biotechnology, Santa Cruz, CA) at 1:500 in 1 % BSA.
The staining was developed with DAB substrate (Vector
Laboratories, Burlingame, pt]?>CA) and sections were
counterstained with toluidine (0.1 %) blue. Images were
acquired under microscope at 40X magnification (DP
Olympus BX51). Areas of MBP fibers were assessed as
MPB-positive per high power field and quantified using
ImageJ software (NIH, Bethesda, MD).
Data analysis
Glucose homeostasis
Blood glucose data for the glucose tolerance test are
expressed as area under the curve (AUC), calculated using
a rhomboid rule. AUC was calculated for the entire study
period (AUC0–180), for the first 30 min (0–30 min, AUC0–
30) of the study and for the last 150 min (30–180 min,
AUC30–180) of the study. Changes in blood glucose from
the time-0 baseline are expressed as the area over the
time-0 baseline (AOB) for the same time intervals.
Blood glucose data for the insulin tolerance test were
converted to AUC, and are expressed for the entire study
period (AUC0–120), for the first 30 min (AUC0–30), and for
30–120 min (AUC30–120). Changes in blood glucose data
for the insulin tolerance test are expressed as the area
under the baseline (AUB) for the same time intervals.
The primary outcome measure for the glucose tolerance
test and for the insulin tolerance tests was the area under
the curve (AUC) for the entire study period (AUC0–120).
Secondary outcomes for the glucose tolerance test and
for the insulin tolerance test was the area under the curve
(AUC) for the first 30 min, and for the rest of the study,
and the changes in glucose from baseline.
Statistical analysis
Weight data were analyzed by repeated-measures ANOVA
with age, sex, and group as independent variables.The effect of group on other continuously distributed
outcomes was assessed by ANOVA with sex as a covari-
ant. If main effects ANOVA showed a significant effect of
“group”, post-hoc testing to assess differences between the
groups was carried out when needed using Tukey’s HSD.
All statistical analyses were performed using JMP Pro 11.0
(SAS Institute, Cary, NC) and statistical significance was
accepted at P < 0.05.
Data are expressed as means ± SEM.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
EEA carried out the animal experiments and assays, interpreted data, and
drafted the manuscript. BL participated in the study design, data
interpretation, and revised the manuscript. IJG conceived the study and
performed the statistical analysis, participated in data interpretation, and also
revised the manuscript. All authors read and approved the final manuscript.
Acknowledgements
This work was supported by funds from the Allen Foundation and the
Department of Pediatrics at the University of California, Davis Medical Center.
Author details
1Department of Nutrition, University of California, Davis, CA 95616, USA.
2Department of Pediatrics, University of California, Davis Medical Center,
Sacramento, CA 95817, USA.
Received: 25 August 2014 Accepted: 26 May 2015
References
1. Ibanez L, Ong K, Dunger DB, de Zegher F. Early development of adiposity
and insulin resistance after catch-up weight gain in small-for-gestational-age
children. J Clin Endocrinol Metab. 2006;91(6):2153–8.
2. Soto N, Bazaes RA, Pena V, Salazar T, Avila A, Iniguez G, et al. Insulin
sensitivity and secretion are related to catch-up growth in small-for-
gestational-age infants at age 1 year: results from a prospective cohort.
J Clin Endocrinol Metab. 2003;88(8):3645–50.
3. Ehrenkranz RA, Younes N, Lemons JA, Fanaroff AA, Donovan EF, Wright LL,
et al. Longitudinal growth of hospitalized very low birth weight infants.
Pediatrics. 1999;104(2 Pt 1):280–9.
4. Embleton NE, Pang N, Cooke RJ. Postnatal malnutrition and growth
retardation: an inevitable consequence of current recommendations in
preterm infants? Pediatrics. 2001;107(2):270–3.
5. Ehrenkranz RA, Dusick AM, Vohr BR, Wright LL, Wrage LA, Poole WK. Growth
in the neonatal intensive care unit influences neurodevelopmental and
growth outcomes of extremely low birth weight infants. Pediatrics.
2006;117(4):1253–61.
6. Johnson S. Cognitive and behavioural outcomes following very preterm
birth. Semin Fetal Neonat M. 2007;12(5):363–73.
7. Meyer LR, Zhu V, Miller A, Roghair RD. Growth restriction, leptin, and the
programming of adult behavior in mice. Behav Brain Res. 2014;275:131–5.
8. Altigani M, Murphy JF, Newcombe RG, Gray OP. Catch up growth in
preterm infants. Acta Paediatr Scand Suppl. 1989;357:3–19.
9. Bertino E, Di Nicola P, Varalda A, Occhi L, Giuliani F, Coscia A. Neonatal
growth charts. Journal Matern Fetal Neonatal Med. 2012;25 Suppl 1:67–9.
10. Thureen P, Heird WC. Protein and energy requirements of the preterm/low
birthweight (LBW) infant. Pediatr Res. 2005;57(5 Pt 2):95R–8R.
11. Greer FR. Long-term adverse outcomes of low birth weight, increased
somatic growth rates, and alterations of body composition in the
premature infant: review of the evidence. J Pediatr Gastroenterol Nutr.
2007;45 Suppl 3:S147–151.
12. Ong KK, Ahmed ML, Emmett PM, Preece MA, Dunger DB. Association
between postnatal catch-up growth and obesity in childhood: prospective
cohort study. BMJ. 2000;320(7240):967–71.
Alexeev et al. BMC Physiology  (2015) 15:3 Page 11 of 1113. Jou MY, Lonnerdal B, Griffin IJ. Effects of early postnatal growth restriction
and subsequent catch-up growth on body composition, insulin sensitivity,
and behavior in neonatal rats. Pediatr Res. 2013;73(5):596–601.
14. Vuguin PM. Animal models for small for gestational age and fetal
programing of adult disease. Horm Res. 2007;68(3):113–23.
15. Holemans K, Aerts L, Van Assche FA. Fetal growth restriction and
consequences for the offspring in animal models. J Soc Gynecol Invest.
2003;10(7):392–9.
16. Guerra RF, Nunes CR. Effects of litter size on maternal care, body weight
and infant development in golden hamsters (Mesocricetus auratus). Behav
Processes. 2001;55(3):127–42.
17. Chiang CF, Johnson RK, Neilsen MK. Maternal behavior in mice selected for
large litter size. Appl Anim Behav Sci. 2002;79(1):63–73.
18. Dobbing J, Sands J. Comparative aspects of the brain growth spurt. Early
Hum Dev. 1979;3(1):79–83.
19. Fiorotto ML, Burrin DG, Perez M, Reeds PJ. Intake and use of milk nutrients
by rat pups suckled in small, medium, or large litters. Am J Physiol.
1991;260(6):R1104–13.
20. Griffin IJ, Cooke RJ. Development of whole body adiposity in preterm
infants. Early Hum Dev. 2012;88 Suppl 1:S19–24.
21. Prior LJ, Velkoska E, Watts R, Cameron-Smith D, Morris MJ. Undernutrition
during suckling in rats elevates plasma adiponectin and its receptor in
skeletal muscle regardless of diet composition: a protective effect? Int J
Obes (Lond). 2008;32(10):1585–94.
22. Regan FM, Cutfield WS, Jefferies C, Robinson E, Hofman PL. The impact of
early nutrition in premature infants on later childhood insulin sensitivity and
growth. Pediatrics. 2006;118(5):1943–9.
23. Jimenez-Chillaron JC, Hernandez-Valencia M, Lightner A, Faucette RR,
Reamer C, Przybyla R, et al. Reductions in caloric intake and early postnatal
growth prevent glucose intolerance and obesity associated with low
birthweight. Diabetologia. 2006;49(8):1974–84.
24. Hales CN, Barker DJ. The thrifty phenotype hypothesis. Br Med Bull.
2001;60:5–20.
25. Godfrey KM, Lillycrop KA, Burdge GC, Gluckman PD, Hanson MA. Epigenetic
mechanisms and the mismatch concept of the developmental origins of
health and disease. Pediatr Res. 2007;61(5 Pt 2):5R–10R.
26. Wiggins RC. Myelin development and nutritional insufficiency. Brain Res.
1982;257(2):151–75.
27. Downes N, Mullins P. The Development of Myelin in the Brain of the
Juvenile Rat. Toxicol Pathol. 2013.
28. Doretto S, Malerba M, Ramos M, Ikrar T, Kinoshita C, De Mei C, et al.
Oligodendrocytes as regulators of neuronal networks during early postnatal
development. PLoS One. 2011;6(5):e19849.
29. Egwim PO, Cho BH, Kummerow FA. Effects of postnatal protein
undernutrition on myelination in rat brain. Comp Biochem Physiol A Comp
Physiol. 1986;83(1):67–70.
30. Sima A, Sourander P. The effect of pre- and postnatal undernutrition on
axonal growth and myelination of central motor fibers. A morphometric
study on rat cortico-spinal tract. Acta Neuropathol. 1978;42(1):15–8.
31. Royland JE, Konat G, Wiggins RC. Abnormal upregulation of myelin genes
underlies the critical period of myelination in undernourished developing
rat brain. Brain Res. 1993;607(1–2):113–6.
32. Duff DA, Snell K. Effect of altered neonatal nutrition on the development of
enzymes of lipid and carbohydrate metabolism in the rat. J Nutr.
1982;112(6):1057–66.
33. Udagawa J, Hatta T, Hashimoto R, Otani H. Roles of leptin in prenatal and
perinatal brain development. Congenit Anom. 2007;47(3):77–83.
34. Steppan CM, Swick AG. A role for leptin in brain development. Biochem
Biophys Res Commun. 1999;256(3):600–2.
35. Hashimoto R, Matsumoto A, Udagawa J, Hioki K, Otani H. Effect of leptin
administration on myelination in ob/ob mouse cerebrum after birth.
Neuroreport. 2013;24(1):22–9.
36. Reid MA, Latour MG, Legare DJ, Rong N, Lautt WW. Comparison of the
rapid insulin sensitivity test (RIST), the insulin tolerance test (ITT), and the
hyperinsulinemic euglycemic clamp (HIEC) to measure insulin action in rats.
Can J Physiol Pharmacol. 2002;80(8):811–8.
37. Andrikopoulos S, Blair AR, Deluca N, Fam BC, Proietto J. Evaluating the
glucose tolerance test in mice. Am J Physiol Endocrinol Metab.
2008;295(6):E1323–1332.
38. Deacon R. T-Maze alteration in the rodent. Nature. 2006;1(1):7–12.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
